Abstract. During in vitro maturation of porcine cumulus-oocyte complexes (COCs), progesterone was secreted from cumulus cells and acted on the cumulus cells themselves, which required for cumulus expansion and oocyte maturation. EGF-like factor (amphiregulin, AREG; epiregulin, EREG) and its protease, TACE/ADAM17, are also expressed in cumulus cells, and thereby, soluble EGF domain was acted on the EGF receptor expressed on cumulus cells. In this study, we examined the relationship between progesterone function and EGF-like factor stimuli in cumulus cells of porcine COCs. When COCs were cultured with FSH and LH, Areg, Ereg and Tace/Adam17 were expressed in cumulus cells. Treatment with a progesterone receptor (PGR) antagonist, RU486, did not affect the Areg and Ereg mRNA expression levels at any culture time points. However, the Tace/Adam17 mRNA level, protein level and its activity were significantly suppressed by RU486 at the 30 or 40 h time point. At 20 h of culture, phosphorylation of ERK1/2 and the expressions of target genes (Has2, Tnfaip6 and Ptgs2) were not suppressed by RU486; however, at 40 h, ERK1/2 phosphorylation and the target gene expression levels were significantly downregulated by RU486 in cumulus cells. Furthermore, the negative effects of RU486 at 40 h were overcome by the addition of EGF. These results indicated that the level of TACE/ADAM17 in cumulus cells was regulated by the progesterone-PGR pathway during in vitro maturation of porcine COCs. Therefore, we concluded that the progesterone-induced TACE/ADAM17 leads to production of soluble EGF domain from cumulus cells, which enhances functional changes of cumulus cells and progresses meiotic maturation of oocytes during in vitro maturation of porcine COCs. Key words: Cumulus expansion, EGF-like factor, Oocyte maturation (J. Reprod. Dev. 56: [315][316][317][318][319][320][321][322][323] 2010) n mammals, the LH surge acted on granulosa cells, and induced the ovulation process. During this period, the estrogen concentration was decreased, whereas the progesterone concentration was risen in follicular fluid concomitantly with the downregulation of Cyp19a1 mRNA and upregulation of Cyp11a1 and Hsd3b1 mRNA in granulosa and/or cumulus cells [1, 2] . Numerous functions of progesterone were mediated by the intracellular receptor, progesterone receptor (PGR) [3] [4] [5] . PGR was induced in the granulosa cells of the rat preovulatory follicle by LH [6, 7] . Pgr knockout mice (PRKO) fail to ovulate [8, 9] , indicating that the progesterone-dependent pathway played a critical role in functional change of follicular cells during the ovulatory process.
(J. Reprod. Dev. 56: [315] [316] [317] [318] [319] [320] [321] [322] [323] 2010) n mammals, the LH surge acted on granulosa cells, and induced the ovulation process. During this period, the estrogen concentration was decreased, whereas the progesterone concentration was risen in follicular fluid concomitantly with the downregulation of Cyp19a1 mRNA and upregulation of Cyp11a1 and Hsd3b1 mRNA in granulosa and/or cumulus cells [1, 2] . Numerous functions of progesterone were mediated by the intracellular receptor, progesterone receptor (PGR) [3] [4] [5] . PGR was induced in the granulosa cells of the rat preovulatory follicle by LH [6, 7] . Pgr knockout mice (PRKO) fail to ovulate [8, 9] , indicating that the progesterone-dependent pathway played a critical role in functional change of follicular cells during the ovulatory process.
The EGF-like factor (amphiregulin, AREG; Epiregulin, EREG;
β-cellulin, BTC) is expressed in granulosa cells and cumulus cells in the rodent and pig in response to ovulational stimuli [10, 11] . The cleaved enzyme of EGF-like factor, TACE/ADAM17, is also expressed in porcine granulosa cells after hCG administration in vivo [12] . Since double-mutant mice with null that are Areg and homozygous for the Egfr wa2 allele (express a receptor with reduced tyrosine kinase activity) do not exhibit cumulus expansion and oocyte maturation [13] , the EGF-like factor-EGFR pathway was essential for the ovulatory process. In our previous study using Pgr knockout mice, we revealed that the Areg and Ereg mRNA expression levels were significantly lower as compared with those in granulosa cells collected from heterozygous mice [11] , suggesting that one of the roles of progesterone would be as a regulator of the EGF-like factor-EGFR pathway during the ovulatory process.
In in vitro maturation of oocytes, COCs were recovered from antral follicles and cultured with FSH and/or LH. Our study showed that the rate of oocytes exhibiting germinal vesicle breakdown (GVBD) was reduced when COCs were cultured with FSH, LH and CYP11A1 inhibitor [14] . We also showed that a PGR antagonist, RU486, suppressed cumulus expansion of porcine COCs in culture [15] . Thus, the progesterone-PGR pathway was required for cumulus expansion and oocyte maturation during in vitro maturation of porcine COCs. On the other hand, our previous study revealed that FSH-and LH-induced cumulus expansion and oocyte maturation of porcine COCs were suppressed by EGF receptor tyrosine kinase inhibitor or TACE/ADAM17 inhibitor [16] .
In that study, during in vitro maturation of procine COCs, the EGFlike factor and Tace/Adam17 mRNA expression were upregulated by FSH and LH [16] . From our studies using a porcine COC model, we hypothesized that FSH-and LH-induced cumulus expansion and oocyte maturation are dependent on both progesterone-PGR and EGF-like factor-EGFR as well as those in in vivo ovulation process in mice. Although regulation of EGF-like factor and Tace/Adam17 expression in cancer cell lines has been reported [17, 18] , the relationships between progesterone-PGR and EGFlike factor-EGFR in cumulus cells cultured with FSH and/or LH during in vitro maturation of porcine COCs have remained unclear.
In this study, we focused on the regulation of Tace/Adam17 mRNA expression by the progesterone-PGR pathway during cumulus expansion by using an in vitro culture system of porcine COCs. We first examined the effects of a PGR antagonist, RU486, on Areg, Ereg and Tace/Adam17 mRNA expressions, TACE/ ADAM17 protein level and TACE/ADAM17 activity during in vitro maturation of porcine COCs. We then tested the effect of RU486 on the EGFR downstream signaling pathway, cumulus cell function and oocyte maturation during in vitro maturation of porcine COCs.
Materials and Methods

Materials
High purified porcine FSH and porcine LH were gifted from the National Hormone and Pituitary Program (Rockville, MD, USA). Fetal calf serum (FCS) was obtained from Invitrogen (Carlsbad, CA, USA). Oligonucleotide poly-dT was purchased from Amersham Pharmacia Biotech (Newark, NJ, USA). Avian myeloblastosis virus reverse transcriptase and Taq DNA Polymerase were obtained from Promega (Madison, WI, USA). Routine chemicals and reagents were obtained from Nakarai Chemical (Osaka, Japan) or Sigma (Sigma Chemical, St. Louis, MO, USA).
In vitro culture of porcine COCs
Isolation of porcine COCs was described previously [19] . Briefly, porcine ovaries were collected from 5-to 7-month-old prepubertal gilts at a local slaughterhouse. Oocytes were collected from the surfaces of intact healthy antral follicles measuring from 3 to 5 mm in diameter. Oocytes having evenly granulated cytoplasm with at least 4 layers of unexpanded cumulus cells were selected and washed 3 times with maturation medium. Twenty COCs were cultured for up to 40 h in 300 μl of the maturation medium supplemented with both 20 ng/ml highly purified porcine FSH and 500 ng/ml porcine LH at 39 C in a humidified incubator (95% air, 5% CO2). The maturation medium was modified NCSU37 [20] supplemented with 10% (v/v) FCS (Gibco BRL, Grand Island, NY, USA) and 7 mM Taurine (Sigma). At selected time intervals, COCs were collected for RNA and protein isolation.
Assessment of cumulus expansion was based on the diameter of COCs measured with an eye piece micrometer using phase-contrast microscopy (Olympus IMT2, Olympus, Tokyo, Japan) and a 10 X objective as described previously [15] . The diameter selected for measurement was defined as the greatest distance across the COC expanded matrix.
The oocytes were fixed with acetic acid/ethanol (1:3) for 48 h and stained with aceto-lacmoid before examination under a phasecontrast microscope (400×) for evaluation of their chromatin configuration.
Chemicals
In the case of treatment with RU486 (25 μM; Sigma), COCs were cultured for 0, 10, 20 or 40 h with RU486 [15] . RU486 was dissolved in ethanol at 25 mM and stored at -20 C. EGF was dissolved in maturation medium at 1 ug/ml and stored at -20 C. The final concentration of each compound (as described above) was obtained by dilution (1:1000) with the maturation medium. The final concentration of vehicles (ethanol) was 0.1% (v/v), which dose not affect the function of cumulus cells during meiotic resumption of porcine oocytes [21] .
Measurement of the progesterone concentration
After COCs were cultured, the cultured maturation medium was collected and stored at -80 C. The progesterone concentration was determined with a SPOTCHEM VIDAS SV-5010 (SYSMEX bioMérieux, Tokyo, Japan) and a vidas progesterone assay kit (SYSMEX bioMérieux) according to the instruction manual.
RNA isolation
After COCs were cultured, the cumulus cells were recovered and then washed three times in PBS. Total RNA was extracted from cumulus cells using an SV Total RNA Isolation System (Promega) according to the instruction manual and dissolved in nuclease-free water. The final RNA concentrations were determined by absorbance using a spectrophotometer.
RT-PCR
RT-PCR analyses were performed as previously described [12, 20] . Briefly, total RNA was reverse-transcribed using 500 ng polydT and 0.25 U of avian myeloblastosis virus-reverse transcriptase at 42 C for 75 min and 95 C for 5 min. The PCR conditions were set as follows: cDNA was amplified for X cycles of denaturation at 94 C for 30 sec, primer annealing at Y C for 1 min and extension at 68 C for 1 min, with a final extension step of 7 min at 68 C. The amplified products were analyzed by electrophoresis on 2% agarose gels. The intensity of the objective bands were quantified by densitometric scanning using a Gel-Pro Analyzer (Media Cybernetics, Bethesda, MD, USA). Specific primer pairs were selected and analyzed as indicated in Table 1 . β-actin was used as a control for reaction efficiency and variations in concentrations of mRNA in the original RT reaction.
Western blot analysis
Cumulus cells were lysed in Laemmli sample buffer. After denaturing by boiling for 5 min, 10 ul of each sample containing equal amounts of protein (10 μg) was separated by SDS-PAGE on 10% polyacrylamide gel and then transferred onto a PVDF membrane (GE Healthcare, Newark, NJ). The membrane was blocked with 5% (w/v) nonfat dry milk (GE Healthcare) in PBS. Primary antibodies were added in 2.5% (w/v) nonfat dry milk in 0.1% (v/v) Tween 20 (Sigma) / PBS (PBS-T), and incubated overnight at 4 C. A rabbit polyclonal antibody against human ADAM17 (Sigma) was used at a dilution of 1: 2000. Anti-phospho-ERK1/2, total ERK1/2 and β-ACTIN were purchased from Cell Signaling Technology (Beverly, MA, USA) and diluted at 1: 2000, 1: 1000 or 1:10000, respectively. After four washes in PBS-T, the membranes were incubated for 1 h with a 1: 2000 dilution of goat anti-rabbit IgG or anti-mouse IgG HRP-linked antibody (Cell Signaling Technology) in 2.5% (w/v) nonfat dry milk in PBS-T at room temperature. After five washes of 10 min each with PBS-T, the peroxidase activity was visualized using an ECL Western blotting detection system (GE Healthcare) according to the manufacturer's instructions.
Determination of TACE/ADAM17 activity
Cumulus cells were lysed in 25 mM Tris buffer (pH 7.4), cont a i n i n g 1 % ( v / v ) T r i t o n X -1 0 0 ( S i g m a ) , 1 m M phenylmethylsulfonyl fluoride (Sigma), leupeptin (Sigma) at 10 μg/ml and 3 mM aprotinin (Sigma). The lysed samples were centrifuged, and the supernatants were stored at -80 C until they were used for analysis. Twenty micrograms of protein extract was used to determine the protease activity using 4 mM of Fluorogenic peptide III (R&D Systems, Minneapolis, MN, USA) as a substrate. TACE/ADAM17 cleaved this peptide sequence between Ala and Val, separating the fluorochrome from the quencher, thus allowing detection of the fluorescence. The reaction was performed at 37 C, and the fluorescence intensity was determined with a spectrofluorophotometer (Shimadzu, Kyoto, Japan) using an excitation wavelength of 320 nm and an emission wavelength of 405 nm for 105 min.
Statistical analysis
The data for RT-PCR, ADAM17 activity and the rate of oocytes reaching the meiotic metaphase II stage (MII) rate are presented as means ± SEM. The percentage of MII was calculated as number of oocytes that underwent MII divided by total number of surviving oocytes. Statistical analyses of all data from three or four replicates for comparison were carried out by one-way ANOVA followed by Duncan's multiple-range test (StatView; Abacus Concepts, Berkeley, CA, USA). All percentage data were subjected to arcsine transformation before analysis. P<0.05 was considered statistically significant.
Results
Progesterone production from COCs during in vitro maturation of porcine COCs
When COCs were cultured with FSH and LH for 20 h, the progesterone concentration in the cultured medium was 25.53 ± 2.70 ng/ml. At the 30-h time point, the progesterone concentration from COCs was significantly increased (75.23 ± 0.92) compared with that from COCs cultured with FSH and LH for 20 h, and the concentration was further increased by 40 h cultivation (102.03 ± 10.41; Table 2 ).
Effects of PGR antagonist on Areg or Ereg mRNA expression in cumulus cells during in vitro maturation of porcine COCs
When COCs were cultured with FSH and LH, the high levels of Areg and Ereg mRNA were observed at 5, 10 or 20 h, and the expression levels were decreased at 30 or 40 h. RU486 did not affect these expression levels at any cultivation time point (Fig. 1A  and B) .
Effects of PGR antagonist on Tace/Adam17 mRNA expression, TACE/ADAM17 protein and TACE/ADAM17 activity in cumulus cells during in vitro maturation of porcine COCs
In the next experiment, we examined the effects of RU486 on Tace/Adam17 mRNA expression, TACE/ADAM17 protein level and TACE/ADAM17 activity in cumulus cells during in vitro maturation of porcine COCs. When COCs were cultured with FSH and LH, the expression level of Tace/Adam17 mRNA was increased at 5, 10 or 20 h, and the level was gradually reduced at 30 or 40 h. At the 5-, 10-or 20-h culture points, RU486 did not affect the Tace/ Adam17 mRNA expression level in cumulus cells; however, at 30 or 40 h, RU486 significantly suppressed Tace/Adam17 mRNA expression as compared with in the control ( Fig. 2A) . At the 20-h culture point, the TACE/ADAM17 protein level in cumulus cells was not affected by RU486, whereas, at 40 h, the level was significantly lower in the RU486 treatment group than in the control (Fig. 2B) .
A high level of TACE/ADAM17 activity was detected in the cumulus cells of COCs cultured with FSH and LH for 20 h. At that time point, RU486 did not affect the protease activity; however, β-ACTIN was used as an internal control for loading and transfer. TACE/ADAM17 activity was detected using Fluorogenic peptide III as a substrate. Values are means ± SEM of 3 independent culture expreriments. For reference, the 0-h COC value was set as 1, and the data are presented as fold strengths (A). *: Significant differences were observed as compared with the COCs cultured with FSH, LH and RU486 (P<0.05). Control: COCs were cultured with FSH and LH.
RU486: COCs were cultured with FSH, LH and RU486 (25 μM).
after 40 h of culture, TACE/ADAM17 activity was significantly downregulated by this antagonist (Fig. 2C) .
Effects of PGR antagonist on the phosphorylation of ERK1/2 or the expression of Has2, Tnfaip6 and Ptgs2 mRNA in cumulus cells during in vitro maturation of porcine COCs
When COCs were cultured with FSH and LH, a high intensity of phosphorylated ERK1/2 bands was detected at 5, 10 or 20 h. The phosphorylation levels gradually reduced, but the bands did not completely disappear up to 40 h (Fig. 3A) . RU486 did not affect the levels of ERK1/2 phosphorylation at 5, 10 or 20 h, whereas a negative effect of RU486 on the phosphorylation of ERK1/2 was observed at the 30-and 40-h culture points (Fig. 3A) . The negative effect of RU486 was overcome by the addition of EGF (Fig. 3B) .
The expressions of Has2, Tnfaip6 and Ptgs2 mRNA were upregulated by FSH and LH. At the 20-h culture point, these expressions were not affected by RU486. However, when COCs were cultured with FSH, LH and RU486 for 40 h, the expression levels of Has2, Tnfaip6 and Ptgs2 mRNA were significantly decreased as compared with those in COCs cultured with FSH and LH for 40 h (Fig.  4A and B) . The negative effects on these gene expressions at 40 h of culture were overcome by the addition of EGF to the RU486-containing medium (Fig. 4A and B) .
Effects of PGR antagonist on the COC diameter and meiotic progression to the MII stage of oocytes
When COCs were cultured without FSH and LH for 20 h, the COC diameter was 341.6 ± 36.83 um (Fig. 5A) When COCs were cultured without FSH and LH for 40 h, the rate of oocytes reaching to MII stage was less than 10%. The rate was significantly increased by FSH and LH (more than 70%). RU486 significantly suppressed MII rate, whereas the negative effect of the drug was overcome by the addition of EGF (Fig. 6 ).
Discussion
It has been reported that the high concentration of progesterone in follicular fluid induces meiotic maturation of rhesus monkey oocytes [22] . During in vitro maturation of COCs, progesterone was produced by cumulus cells, and the level of progesterone in the medium was increased by stimulation with FSH and/or LH in humans [23, 24] and pigs [14, 20] . In this study, FSH and LH stimulus was also increased the progesterone concentration in cultured maturation medium. Since the PGR was expressed in cumulus cells but not in oocytes in mammals [14] , progesterone mediated the action on oocytes via cumulus cells. On the other hand, EGFlike factor has also been introduced as a second mediator that transmits the LH stimulus to cumulus cells from granulosa cells in vivo and in vitro [10, 11, 13] . Thus, both progesterone and EGF-like factor were required to mediate LH action on oocytes meiotic progression to MII stage in a cumulus cell-dependent manner.
In this study, to investigate the roles of progesterone and EGFlike factor in cumulus expansion and oocyte maturation, COCs were cultured with FSH, LH and RU486. RU486 did not affect the expressions of Areg and Ereg mRNA at any time points; however, the levels of Tace/Adam17 expression, the TACE/ADAM17 protein level and the TACE/ADAM17 protease activity were significantly suppressed by RU486 at 40 h but not at earlier time points. We have recently shown that each specific inhibitor of PKA, p38MAPK or MEK1/2 significantly suppressed Tace/ Adam17 mRNA expression in cumulus cells during in vitro maturation of porcine COCs cultured with FSH and LH for 5 h [25] . Thus, these results indicated that the initial induction of EGF-like factor and TACE/ADAM17 were directory mediated by gonadotropins, COCs were cultured with FSH, LH, RU486 and EGF (1 ng/ml). whereas the maintenance of Tace/Adam17 mRNA expression was dependent on the progesterone-PGR pathway. It has been reported that the proximal promoter region of the Tace/Adam17 gene has an SP-1 site and that the region plays an important role in the promoter activity [26] , whereas a distinguishable consensus PGR response element (PRE) is not observed in the promoter region. Although Adamts-1 mRNA was expressed in a PGR-dependent manner in porcine cumulus cells [15] and murine granulosa cells [4] , this promoter region also lacks PRE site [27] . Nevertheless, cotransfection of PGR expression vector enhanced Adamts-1 promoter activity via granulosa cell-rich SP-1/SP-3 binding sites [27] .
Other genes regulated by PGR in granulosa cells appear to have at least one SP-1/SP-3 site [28] [29] [30] [31] . Moreover, ligand-activated PGR stimulated glycodelin-A gene expression in endometrial cells through a functional SP-1 site [32] , and SP-1 protein coprecipitated with either ligand-activated human PGR in a decidual cell nuclear extract [33] . Thus, we hypothesized that the function of PGR in cumulus cells was mediated by SP-1 factor, which resulted in the maintenance of Tace/Adam17 mRNA expression in the cumulus cells of the porcine COCs. Further study is required to clarify the above theory. Recently, Fan et al. [34] showed the importance of ERK1/2 during the ovulatory process using granulosa-specific Erk1/2 knockout (Erk1/2 gc-/-) mice. In spite of administration of hCG, the Erk1/2 gc-/-female could not induce expressions of ovulationrelated genes, which resulted in failure of ovulation. Additionally, their report also showed that Cyp11a1 and Star mRNA expressions were also downregulated in granulosa cells in the Erk1/2 gc-/-female, indicating that initial activation of ERK1/2 by EGFR ligands was required for progesterone production during the ovulation process. In this study, when COCs were cultured with FSH, LH and RU486 for 30 or 40 h, ERK1/2 phosphorylation was downregulated. RU486 also suppressed ERK1/2 target gene expressions (Has2, Tnfaip6 and Ptgs2), cumulus expansion and oocyte maturation. The results indicated that the positive feedback loop between progesterone and EGF-like factor was required for the maintenance of ERK1/2 activity in the cumulus cells of porcine COCs during the late maturation period. When ovulated mouse COCs were cultured with AREG in our previous study [11] , cumulus expansion was maintained, and the related gene expressions were upregulated as compared with those in ovulated COCs cultured without AREG. Further, our previous study showed that presence of EGF and progesterone during in vitro maturation of porcine COCs significantly increased diameter of COCs compared with that of COCs without EGF and progesterone, which resulted in increment of development competence to the blastocyst stage after in vitro fertilization of porcine oocytes [12] . These results, including the present data, suggested that the upregulation of the EGF-like factor-EGFR pathway played an important role in not only initiation of the ovulation process, but also induction/maintenance of full cumulus expansion and oocyte maturation. In a previous study using Ptgs2 knockout mice, full cumulus expansion was not observed in ovulated COCs and in vivo fertilization was completely suppressed [35] . Since HAS2 and TNFAIP6 are essential for production and stabilization of a hyaluronan-rich matrix in cumulus cells [36] , we theorized that maintenance of ERK1/2 activation during cumulus expansion, even if after ovulation, is required for success of fertilization. In summary, we showed that maintenance of TACE/ADAM17, but not EGF-like growth factor, in cumulus cells was mediated by the progesterone-PGR pathway. The progesterone-maintained expression of TACE/ADAM17 kept terminally sheddase of EGFlike factor in late cumulus expanding process, which enhanced cumulus expansion and meiotic maturation during in vitro maturation of the porcine COCs.
